" A photovoltaic (PV) module has a dual characteristic as a voltage or a current source. " We design a dual-mode regulator for PV module emulators. " We develop a robust control method to perform emulation based on PV module model. " The proposed PV emulator copes with rapid voltage or current variations. " We show improved output quality over the entire operating range by real implementation. a r t i c l e i n f o 
Introduction
Solar photovoltaic (PV) power is one of the most promising sustainable power sources with distinct advantages [1] : (i) it has no moving parts which would be subject to wear and tear, (ii) it is relatively location independent and environmentally friendly, and (iii) its core technology is experiencing rapid advancement thanks to introduction of semiconductor technologies in the PV cell manufacturing process. However, their power output varies significantly by the ambient conditions such as the solar irradiance level and temperature, and so an elaborate design of power system is needed to efficiently utilize the PV power.
Actual development and deployment of PV modules and solar-powered systems require elaborate experimental setup and experiments of a wide range, and energy efficiency is one of the most important metrics. More precisely, solar-powered systems require holistic optimization on both the PV module side and the load device side, which mandates extensive tunings based on experimental results and measurements.
The electrical output behavior of the PV module is strongly dependent on the ambient conditions, especially to the solar irradiance as shown in Fig. 1 . Since the level of PV power generation is strongly dependent on the solar irradiance, it is critical for optimal development and deployment of solar-powered systems. Developing a solar-powered system involves not only development of a PV module, but also deployment of the PV module [2, 3] , design of associated power sources and storages [4, 5] , and development of its control system and operation algorithm considering the characteristics of the load device [6, 7] . PV module development includes improving energy efficiency of unit PV cells, as well as determining a right design with given unit PV cells. We should carefully determine the unit PV cell type, size, series and parallel connections, and so on. However, it is difficult to achieve the desired design relying solely on standard parameters of PV modules [8] . Furthermore, there are too many combinations of such design parameters, and it is very difficult and highly cost-ineffective to perform experiments with the PV module under the wide range of ambient conditions in order to obtain the corresponding I-V characteristics and optimize the whole system including the power delivery circuit and the load device.
Instead, it will be very useful to have a PV emulator that has embedded I-V characteristics of the target PV modules and is able to generate the output current and voltage based on the load demand and the ambient conditions. A well-designed power emulator or simulator makes it possible to greatly reduce the amount of time and the cost of developing an optimized system [9] . A system designer can utilize the emulator or simulator to verify the PV module design integrated with the load device. It provides a high degree of freedom for experimenting different designs of a solarpowered system with any ambient condition profiles as desired, which is not possible with real PV modules. A large body of previous research has indeed introduced PV emulators that model various kinds and sizes of PV modules subject to wide-ranging ambient conditions and load demands.
A PV emulator is equipped with an adjustable power regulator, and controls the output of the regulator to accurately reproduce the I-V characteristics of a real PV module, which has been subjected to various ambient conditions and demands. A DC-DC converter with a current-limiting power supply can be used to simulate the I-V characteristics of a PV module [10] , but its accuracy is not high because of the model discrepancy with the actual PV module. A reference diode or a photodiode, and a power amplifier circuit can provide higher emulation accuracy [11] [12] [13] . However, the reference diode lacks flexibility in modeling different PV modules because the emulated I-V characteristics of the PV module are determined by the material properties and electrical characteristics of the chosen diode. On the other hand, computational model-based PV emulators exhibit a high degree of flexibility to reconstruct an arbitrary I-V curve for a PV module corresponding to a desired irradiance level and ambient temperature. The PV module model calculates (predicts) the voltage and current values of the PV module at the desired ambient conditions and load demand. These values are then input to an adjustable power regulator to produce the desired electrical output [14] [15] [16] [17] [18] . In this paper, we focus on flexible PV emulators and thus the model-based PV emulation.
Motivation
The power-generation behavior of a PV module exhibit dual characteristics, i.e., sometimes the PV module's output is best modeled as a voltage source with a low internal impedance while at other times it is better modeled as a current source with a high internal impedance [19, 20] . This distinction naturally gives rise to a current source region (CSR) and a voltage source region (VSR) for the PV module. When to use which model is answered based on the operating point as depicted in Fig. 1 . The PV module typically shows wider output current variation in the CSR depending on the irradiance than the output voltage variation in the VSR. Furthermore, input current control is more prone to saturation than input voltage control because the current at the maximum power point is more close to the maximum output current (short circuit current) than the voltage. Due to this phenomenon, power conditioning techniques for PV modules, including the maximum power point tracking (MPPT) techniques, use a target voltage level as the set point for closed-loop feedback control rather than a current level [19, 21] . For the same reason, most conventional PV emulators use only an adjustable voltage regulator to emulate the output behavior of the PV module [11, 16, 22, 23] . They focus on the VSR, therefore, the accuracy of these emulators may be low when the PV module is operating in the CSR. In order to capture the CSR behavior of the PV module, the PV emulator in [13, 15] uses a voltage regulator based on a nested-loop control mechanism, composed of an outer voltage control loop as well as an inner current control loop. However, significant current ripples are observed especially in the CSR even though output current filters are used.
Since we do not expect that load devices will always operate in such a way that the PV module remains in the VSR, the PV emulators must be capable of reproducing the real output behavior of the PV modules in its complete current range including the CSR. Even if the PV power management schemes assume operation in the VSR, it is not always possible to avoid entering the CSR. Rapid load variations may increase the current beyond the MPP before the power management scheme reacts, and sudden shading over the PV module may decrease the output and result in shifting to the CSR. For this reason, it is necessary to perform PV power management with explicit consideration on the CSR [24, 25] and evaluate its behavior [26] in the CSR. Furthermore, recent research results [27, 28] have decisively shown that not only the MPP but also the whole current range should be accurately modeled in order to achieve systemwide optimization of energy efficiency in a solar-powered system.
In this paper, we introduce a new circuit and control method design technique of a model-based dual-mode power regulator for PV emulation and its novel control method. The proposed dual-mode power regulator circuit is composed of an adjustable voltage regulator and an adjustable current regulator, and provides both high flexibility and high accuracy for PV emulation. We develop a robust operation method to seamlessly control the two regulators with compensating the power loss induced in the hybridization circuit. We validate the behavior of the proposed circuit and its control method with Matlab/Simulink simulation and through experiments. Fig. 2 shows a widely-used single-diode equivalent circuit model of a PV module [20] . Its I-V characteristic is given by The dark temperature-dependent saturation current i 0 is
PV module I-V characteristics
where v pv and i pv are the voltage and current of the PV module, respectively. In the above equations, G denotes the irradiance level; T is the cell temperature; N s is the number of connected cells in series in the PV module; A is the diode ideality factor; q is the charge of an electron; E g denotes the energy bandgap of the semiconductor and k is Boltzmann's constant. STC stands for standard test condition in which the irradiance level is 1000 Wm À2 while temperature setting is 25°C.
Typical I-V characteristics of a PV module are shown in Fig. 1 . A PV module basically is a current source as shown in Fig. 2 , and forward biasing of the diode limits the output voltage which results in properties of a voltage source. An ideal PV module has a zero R s and an infinite R p , but a practical PV module has a non-zero R s and a finite R p . This non-ideal series and parallel resistances determine the gradients on the I-V curve. As mentioned above, the PV module exhibits dual behaviors which can be either a voltage source or a current source depending on the operating range. More specifically, the PV module essentially behaves as a voltage source (i.e., it supplies a constant voltage regardless of the output current) when current is low and voltage is high, and behaves as a current source (i.e., it supplies a constant current regardless of the output voltage) when voltage is low and current is high. The boundary between the VSR and CSR is not very definitive, but Refs. [19, 21] define it to be the MPP of the PV module.
Consequently, the PV module shows different output behavior even with the same amount of load power variation by its operation regions. Fig. 3 illustrates how the load power variation affects the output of the PV emulator in the two different regions. The load power variation ( r ) results in a small voltage variation ( s ) and a large current variation ( t ) in the VRM region. In contrast, the same amount of load power variation results in a small current variation ( v ) and a large voltage variation ( u ) in the CSR. This implies that the PV emulators sorely based on a voltage regulator should be able to react to a small current change with a high feedback control gain in the CSR, which may result in instability in the CSR.
In this paper, we use the single-diode equivalent circuit model and assume that the MPP of the PV module sets the boundary between its VSR and CSR. However, the proposed dual-mode power regulator circuit and control method are not restricted to a particular PV module model, nor depends on the accuracy of the boundary between VSR and CSR. This is because the proposed circuit and control method are based on a computational model; the PV emulator can accommodate any PV module models, including measured I-V data from a real PV module. Similarly, we can apply an arbitrary boundary position between VSR and CSR.
Dual-mode power regulator circuit

Modes of operation
In spite of the dual characteristics of the PV module's output, previous PV emulators have relied on only a voltage regulator to reproduce the complete output I-V curve of the PV module. However, in the CSR, change in the output voltage of the PV module induced by the load impedance variation can be quite large. Under these conditions, current-based control provides a better control quality, and in turn, higher PV emulation accuracy in the CSR, in the same way that voltage-based control is preferred in the VSR. Nevertheless, we do not want to use a current regulator to reproduce the entire output I-V curve of the PV module because it may result in low accuracy in the CSR. Even if a nested feedback controller is used (e.g., an outer voltage control loop and an inner current control loop, or vice versa) [13, 15] , the PV emulator will exhibit poor output controllability (and hence poor emulation accuracy) in one or the other of the two regions of operation.
Therefore, in order to reproduce the original characteristics in both the VSR and CSR, we use two separate power sources. In particular, we use a voltage regulator to generate a regulated voltage when the target PV module is operating in the VSR, and use a current regulator to generate regulated current in the CSR. We call the two operating modes of the dual-mode power regulator voltage regulation mode (VRM) and current regulation mode (CRM). It is required to develop an elaborate power hybridization circuit which supports the VRM and CRM for the implementation of the PV emulator. A sophisticated control method also has to be designed in order to seamlessly switch between the two operating modes.
It is essential for a PV emulator to supply uninterrupted power to the load device, and so at least one of the voltage and current regulators should be turned on at all times. Instantaneously turning off the voltage regulator and turning on the current regulator, or vice versa, is not desirable because it tends to result in an instantaneous large current increase which causes current spikes. Furthermore, the power-on transient response is generally much worse than that of the set point change, and it is hard to realize seamless transition between two regulators. It is not practically feasible to turn on one regulator and turn off the other exactly at the same time, therefore we perform a make-before-break switching which has a period that both the regulators are turned on. However, different from ideal voltage and current sources, we should not simply tie up the outputs of the non-ideal voltage and current regulators because it may result in that current from the current source may flow into the voltage source. Practical voltage regulators do not allow reverse current which may cause hard failure in a power supply.
Circuit design principle
We propose a dual-mode power regulator circuit for the modelbased PV emulator as shown in Fig. 4 . It has adjustable voltage and current regulators whose outputs are tied together in parallel through two diodes. This parallel connection of diodes (or equivalently MOSFET-based lossless diodes) provides power hybridization preventing reverse current flow. This method has been used for power hot-swapping, and more recently, for hybridization of heterogeneous power sources [29] , but has not yet been utilized for PV emulation.
The objective of the PV emulator is to make its output voltage v out and output current i out faithfully track v pv and i pv , which are derived from the PV module model. We switch the operation mode between the VRM and CRM near the boundary of the VSR and CSR. We first define a V-to-I mapping function and an I-to-V mapping function for the given I-V curve, based on (1)-(5). These functions translate v pv to i pv or vice versa, for given G and T. We make VRM and CRM overlap across the boundary as shown in Fig. 5 , and apply transition hysteresis. The transition hysteresis prevents frequent mode transitions between the VRM and CRM near the boundary. We make seamless transitions with the twodiode connection which allows make-before-break switching by blocking the reverse current. For example, when the operating mode switches from the VRM to CRM: 3. When the current from the current regulator i cr reaches i out , turn off the voltage regulator and regulate output current i out to i pv .
The opposite is done when the operating mode switches from the CRM to VRM at s b in Fig. 5 ; the voltage regulator is turned on first and current regulator is turned off later when the output current decreases. Both the voltage and current regulators maintain good controllability and thus high-quality output near the boundary, compared with the operating points far away from the boundary. Therefore, the proposed power hybridization and its control scheme guarantees smooth mode transition and guarantees superior output quality over the entire emulation range.
5. Dual-mode power regulator control Fig. 6 ). Fig. 7 shows the functionality and behavior of the hybridization controller with a state machine. The state machine has four states: the VRM, CRM, and two intermediate states between them. The output current, i out , exceeding the limit of i v2c makes transition from the VRM state. This results in that the current regulator is turned on and supplies current. If its output current i cr becomes equal to i out , that is, the voltage regulator does not supply current anymore, the state machine makes a transition to the CRM state and turns off the voltage regulator. The state machine makes transition from the CRM to VRM states in the same way. We consider the distance and position of the boundary between the VRM and CRM ( s a and s b in Fig. 5) and determine the voltage/current limit v c2v and i v2c . The PV emulator will switch the mode too frequently if the gap is too narrow. On the other hand, the benefit from using the dual-mode power regulator is diminished if we expand the overlapping region and the gap becomes too wide. Fig. 8 shows the implemented dual-mode regulator-based PV emulator board. Fig. 9 shows the circuit schematic diagram of the proposed PV emulator. We use a low dropout (LDO) linear regulator LT1083 from Linear Technology as the voltage regulator. Switching regulators have a higher efficiency in general, but they are inherently subject to switching noise and voltage ripples even the load is constant. Since a PV module does not create any noisy ripples on its voltage and current, we use a linear regulator for the voltage source to eliminate them.
Implementation
Hardware implementation
Power dissipated in a linear regulator is proportional to the dropout (voltage difference between the input and output). The dropout may be large in a wide output-adjustable regulator, and this results in a high heat dissipation. We implement a voltage pre-regulating circuit [30] for the input of the linear regulator to mitigate the heat dissipation. It automatically adjusts the input voltage to be higher than the output voltage by the required minimum dropout to minimize the heat dissipation, and allows a large amount of current from the linear regulator. The implemented voltage regulator is capable of supplying 1.2-21.8 V of output voltage with 12-bit resolution and up to 5.0 A of output current. However, the proposed dual-mode regulator architecture is not restricted to which type of regulator is used. We may use a highefficiency switching regulator instead of the linear regulator as the voltage/current source to reduce its power dissipation for high-power PV emulation.
We implement a precision 10-bit resolution current regulator introduced in [31] for the current regulator also with the LT1083. The maximum available output current is 5.0 A up to 16.5 V, and it decreases as the output voltage increases up to 19.5 V. This does not limit the power capacity of the emulator since the current regulator generates a high current in the CRM where the voltage is low.
Due to the physical constraints of the components, the PV emulator's output voltage and current cannot span unlimitedly. Table 1 shows the voltage and current output ranges of the regulators. The range of operation of the regulators while performing the emulation is dependent not only on their physical capability, but also the I-V characteristic of emulating PV module. That is, the minimum output voltage that the voltage regulator generates is v v2c , and the minimum output current that the current regulator generates is i c2v , which vary depending on the target of emulation, as illustrated in Fig. 5 .
The two regulators are connected through a Schottky diode array STPS20L45C from STMicroelectronics. It has a forward voltage drop in a range of 0.4-0.6 V varying depending on the temperature and forward current. It is described in the datasheet that the diode will have around 0.3 W of conduction loss at 1 A forward current due to the on-resistance. Therefore, we compensate the voltage drop and resulting power loss through a feedback control as discussed in Section 5.
The controller is Stellaris LM3S3748 microprocessor with ARM Corex-M3 core running at 50 MHz. We use a real-time operating system lC-OS II to implement the controller described in Section 5.
The control task performs PID control at 1 kHz frequency. PID parameters are critical for fast response and stable operation of the PID controller to disturbances. We carefully set the PID parameters so that the voltage and current regulators have a fast response to the load variation and generate stable voltage and current output. We perform PID parameter tuning through extensive experiments and apply gain scheduling to achieve the best performance for the voltage and current regulators. The gain scheduling adjusts the PID parameters depending on the operation range in order to cope with the non-linear behavior. We divide the operation range into several subranges and tune the PID parameters for each subrange.
PV module modeling
We use a PV module which generates up to 39 W at a 1000 Wm À2 irradiance and a 27°C ambient temperature as a reference. Representative characteristics of the module are shown in Table 2 , and the entire reference I-V curve of the target PV module is as shown in Fig. 5 .
Converting v pv to i pv or i pv to v pv requires iterative computations such as Newton-Raphson method to converge. An embedded processor is not suitable for such a computation-extensive workload, and so it is not practical to implement online conversion for the V-to-I and I-to-V mapping function. Rather, we build mapping tables of I-V curves of some G values offline, and perform a spline interpolation online. The mapping tables have a granularity so that the PV emulator can fully utilize the high-accuracy voltage and current regulators. That is, since the output of the voltage regulator and current regulator has 12-bit and 10-bit resolution, respectively, the I-to-V mapping table and V-to-I mapping table has more than 4096 and 1024 entries, respectively.
Experiments
Experimental setup
We setup experimental environment as shown in Fig. 10 . The implemented PV emulator is connected to the adjustable electronic load Kikusui PLZ334WL which can consume up to 300 W of power. The currents and voltages of the regulators and output are measured with a DAQ from the National Instruments. All the system including the PV emulator, electronic load, and DAQ is controlled by a customized automated tool.
Experimental results
PV module I-V characteristics
We first measure the output of the target PV module to compare the voltage and current variations in the VRM and CRM regions. Table 3 is the voltage and current variations of the target PV module caused by load power variations in the VRM and CRM regions. Refer to Fig. 3 which graphically illustrates the voltage and current variations caused by the power variation. We measure the voltage variation ( s and u ) and current variation ( t and v ) while changing the load power ( r ) in a range of 40-60% of the maximum power for the given irradiance. Table 3 presents the range of voltage and current variations in each region and the normalized value D norm to the maximum voltage and maximum current, which are v oc and i sc , respectively. This definitely shows that using an appropriate power regulator results in only 1-3% output variations, otherwise it suffers from 13-15% output variations. This phenomenon becomes more clear when the operating point is near the maximum voltage (open-circuit) or maximum current (shortcircuit). This confirms the dual characteristic of the PV module and shows the potential benefits of using two different regulators for PV emulation. 
Matlab/Simulink simulation
We first validate the functionality of the proposed circuit and the control method with Matalb/Simulink simulation. Through the simulation, we show that the proposed circuit well performs the PV emulation, and present the resulting voltage, current, and power behavior. We use adjustable voltage and current regulator models, diode models, and resistive load models from the Matlab/Simulink Simscape library. Without loss of generality, we use a pre-measured PV module I-V curve at a given irradiance level and temperature for demonstration purpose.
First, we define the transition conditions in Fig. 7 . We define i v2c
in (a) and v c2v in (c) as follows:
We consider that v vr % v out in (b) and i cr % i out in (d) when the error is less than 0.1%. These conditions are empirically determined based on the observation on the I-V curve of the target PV module. Fig. 11 shows the I-V curves, P-V curves, and P-I curves of the PV module model, voltage regulator, current regulator, and emulator output. Fig. 11a and b shows the two cases such that the operating point changes in two different directions, respectively, which are denoted by a gray arrow. It demonstrates the hybridization controller described in Section 5 is functioning as expected. The operating mode transition occurs when the output voltage reaches to v v2c in the VRM in Fig. 11a or when the output current reaches to i c2v in the CRM in Fig. 11b . We see from the I-V curves that the voltage output of the voltage and current regulators is higher than v pv (shifted to higher than v pv ) as a result of the feedback control to compensate the diode forward bias voltage drop of 0.6 V and the diode on-resistance of 0.3 X. In spite of the steep I-V curve at the transition, the resultant PV emulator output I-V characteristic well matches with that of the PV module model thanks to the use of two-diode hybridization circuit and control.
I-V characteristics
Now that we have validated the functionality through simulation, we present the measurement results obtained from the physical experimental setup introduced in Section 7.1. We show the output quality of the proposed PV emulator compared with two conventional voltage or current regulator-based PV emulators. We turn off the current or voltage regulator to generate the output of voltage regulator-based PV emulator or current regulator-based emulator, respectively. Fig. 12a -c shows the I-V curves measured from the three PV emulators based on the voltage regulator, current regulator, and dual-mode regulator, respectively. We measure the voltage and current while changing the load from the with period of 30 s. The load changes between zero (open circuit) to the value that makes the output 2 V, which is close to the minimum output Fig. 11 . I-V, P-V, and P-I curves of the voltage regulator, current regulator, and emulator output, compare with the PV module model while transiting (a) from the VRM to CRM and (b) from the CRM to VRM.
voltage described in Table 1 . In each figure, the solid line denotes the desired output I-V characteristic according to the PV module model, and the markers denote the measured points. In Fig. 12a and b, it is definite that the output of the regulators are not as expected in some operating range. More specifically, the voltage regulator fails to generate the desired voltage in the CSR as annotated by s a . Similarly, the current regulator fails to generate the desired current in the VSR as annotated by s b . This is not because the regulators are not capable of generating high power in those regions, but because the output voltage or current variation is too rapid for the regulator to follow the output change. The power output capability of the regulators is enough to generate the voltage and current on the target I-V curves as presented in Table 1 . For example, the voltage regulator can stably supply up to 5 A at 10 V, but the I-V curve of 500 Wm À2 in Fig. 12a shows unstable output at low current and low voltage range below 1.8 A and 7 V. In contrast, the output of the dual-mode regulator is in a good quality as shown in Fig. 12c . The output in the VSR is as good as that of the voltage regulator-based emulator, and the output in the CSR is as good as that of the current regulatorbased emulator.
In practice, a load device connected to a PV module is not only a resistance-mode load, but may be a voltage-mode, current-mode, or combination of them. Therefore, we show that the proposed dual-mode PV emulator shows a good stability over all operating range not only for the resistance-mode load as shown in Fig. 12c , but also for voltage-and current-mode loads. Fig. 13a and b shows I-V curves when a voltage-and current-mode load is applied, respectively. We can see that both I-V curves for the voltageand current-mode loads exhibit good consistency with the reference I-V curve. Fig. 14 shows the voltage and current output variations of the voltage regulator, current regulator, and emulator output when the load changes. This is a representation of the data in Fig. 12c in a time axis. We apply a variable load starting from a zero load (open-circuit) to a very low resistance load (near short-circuit), and back to a zero load. It starts in the VRM state because the load is zero. Current draw increases, and at t 1 , the output current i out reaches i v2c which is the current limit of the voltage regulator. The operating mode changes from the VRM to VRM-to-CRM state, in which i cr gradually increases, and i vr gradually decreases. Finally, i cr reaches to i out at t 2 , and the voltage regulator is turned off, by entering the CRM state. We see that the operating mode transition is seamlessly performed, and the output voltage v out and current i out are stably maintained during the transition. The hybrid controller performs the opposite when the operation mode changes from the CRM to VRM. The output voltage v out increases and current i out decreases until it reaches v c2v at t 3 . The controller enters the CRM-to-VRM state and the voltage regulator is turned on. When the output voltage of the voltage regulator reaches v out at t 4 , the current regulator is turned off by entering the VRM state.
Mode transitions
Next, we show the PV emulator's transient response to a step load change. A PV emulator should be able to change its operating point rapidly when the load changes. Due to the control hysteresis, the same operating point can be regulated by either voltage or current regulator, especially near the MPP. Therefore, we apply a step change of the load resistance and observe the voltage and current variations [21] . The step response of the voltage regulator and current regulator is shown in Fig. 15a and b, respectively. The MPP is at 2.9 A and 13.3 A, which corresponds to 4.5 X. The load resistance is first 8.3 X and the PV emulator output is 1.9 A at 15.6 V. We decrease the resistance to 4.0 X and the operating point changes to 3.1 A at 12.4 V. Both the voltage and current converters to the desired operating point within about 100 ms.
Conclusions
High accuracy emulation of PV modules significantly reduces cost and effort for solar-powered system development. The quality of emulation is largely dependent on the PV module model as well as the power regulator that generates the output. The PV modules have two different output behavior as a voltage source and a current source, by the ambient conditions and load behavior. Conventional control methods, such as voltage regulator only or voltage regulator with an inner current feedback loop, do not provide high-accuracy output for the entire range of the I-V characteristics.
The proposed power regulation method is hybrid of a voltage and a current source, connected with a two-diode hybridization circuit. The primary advantage of the proposed circuit is symmetrical characteristics in terms of controllability and accuracy both in the voltage and current source regions. We provide a novel control method taking into account a fact that maximum power point tracking (MPPT) is mostly done at near the boundary point. We perform a Matlab/Simulink simulation and validated of the proposed power regulation circuit. We also measured the output of implemented PV emulator and compared with conventional methods to confirm its efficacy. 
